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Mediterranean countries offer very favorable climatic conditions for growing plants in a protected
environment: as a matter of fact, the high solar radiation allows the use of greenhouses with simple
structures, covered with plastic film and without fixed installations for winter heating. They are
called “Mediterranean greenhouses” and are totally different from those in Central and Northern
Europe. In the photovoltaic greenhouses, the cover on the pitch facing south is usually replaced by
very opaque panels. However, this solution compromises the possibility to grow plants in covered
and protected environments since solar radiation availability is limited and strongly nonuniform.
In order to overcome this problem, semitransparent photovoltaic materials can be used to let the
solar energy, necessary for plant growth, pass into the green house. The aim of this research is to
analyze the radiometric properties of innovative semitransparent flexible photovoltaic materials in
order to evaluate their performances in comparison with materials commonly used in the coverage
of the greenhouses. Particular attention is paid to the transmittance of these materials in the visible
range and in the long wave infrared for the achievement of greenhouse effect.

1. Introduction

Recently, the use of greenhouse surface has increasingly spread worldwide.

Spain is in the first place in Europe with 50,000 hectares; there are 60,000 hectares
in Japan and in China it is estimated that from 350,000 to 700,000 hectares are destined to
protected crops. The phenomenon is developing not only in countries with temperate climate,
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but also in tropical and subtropical areas in Latin America, Africa, Asia, and around the
Mediterranean basin.

In Europe, greenhouse design and construction are governed by the Standard EN
13031-1:2001 where the following definition is given: “Greenhouse is structure used for
the cultivation and/or protection of plants and crops that exploits the transmission of
solar radiation under controlled conditions to improve the environment of growth, with
dimensions that allow people to work inside.”

The greenhouse can be seen as a solar collector which exploits the radiation coming
from the sun to create optimal conditions for plant growth and development.

The solar radiation inside the greenhouse depends on

(i) incident radiation on the ground;
(ii) shape and orientation of the greenhouse;

(iii) type of structure;

(vi) size and position of the opaque structure;

)
)
)
(v) transmittance, absorption, and reflection of the covering material;
)
(vii) dust on the cover;

)

(viii) cover condensation.

Covering material is the most important feature among the above-mentioned parameters
since its own characteristics influence the microclimate in the confined environment.

Greenhouse cover, structural elements, soil, and crop contribute to the solar radiation
absorption, and consequently, to the generation of sensible or latent heat [1].

Glass, semirigid plastics and plastic films are the most widely used greenhouse
covering materials. They protect crop from adverse weather conditions and influence the
greenhouse microclimate modifying the growing conditions of crops in comparison with the
open-field climatic conditions.

Covering materials modify greenhouse microclimate due to their transmissivity to
solar radiation in the visible range and in the long infrared radiation.

The spectral distribution of solar radiation at the earth’s surface must be taken into
account as a weighting function to calculate radiometric coefficients of covering materials.
About 50% of the total energy is emitted in the near infrared radiation (NIR) range (700-
2,500 [nm]) and nearly 40% in the PAR range (400-700 [nm]), where the solar radiation has a
maximum at a wavelength of approximately 500 [nm] [2].

The transmissivity coefficient in the solar wavelength range, from 300 [nm] to
2,500 [nm], represents the fraction of the overall solar radiation passing through the covering
material. The transmissivity coefficient in the PAR range expresses the quantity of solar PAR
radiation transmitted by the covering material and strongly influences crop growth and yield.

Long wave infrared radiation energy losses from protected environments depend on
the transmissivity of the covering material in the wavelength values higher than 3000 [nm].
However, at ambient temperature the bodies have the maximum energy emission in the range
7,500-12,500 [nm] [3].

The air temperature inside greenhouse is significantly influenced by the emissivity of
the covering material which is a measure of the thermal radiative energy emitted in the long
infrared radiation: if the covering material has high emissivity, high energy losses occur from
the protected environment.
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Table 1: Transmissivity coefficients of different greenhouse covering materials.

.o .. o Glass LDPE EVA ETFE
Transmissivity coefficients, %
4mm 0.180 mm 0.180 mm 0.100 mm
TSR 80.4 88.6 89.1 93.1
TPAR 87.5 91.0 89.7 92.4
TLWIR 0.00 53.7 25.9 10.9

SR: solar radiation; PAR: photosynthetically active radiation; LWIR: long wave infrared [4].

Thus, the radiometric properties of the greenhouse cover play an important role in
reducing energy consumption [4]. Sustainability of greenhouse industry can be increased
with innovative covering materials aimed at obtaining energy savings in greenhouse heating
and cooling together with profitable yield. Moreover, covering materials—able to modify the
spectral distribution of the solar radiation—can be used to influence plant growth in place of
agrochemicals. In the latest decades research has been addressed to improve the radiometric
properties of glasses and, more recently, of plastic films that are the most widespread
greenhouse covering materials [4].

Plastic films are very different from glass, are characterized by low cost, and require
a lighter support frame. Furthermore, they have good thermooptical and mechanical
properties, good chemical resistance, and considerable opposition to microbial degradation.

In the last decades of the past century different kinds of plastic films for greenhouses
were made by different raw materials and additives.

(i) LDPE (low-density polyethylene) is the most used covering material and has good
mechanical and radiometric properties. In the wavelength range 200-2,500 [nm] the
total transmissivity of the LDPE film is similar to that of glass. On the other hand,
the LDPE has high value of the transmissivity in the long wave infrared radiation.

(ii) EVA (Ethylene vinyl acetate) is the copolymer of ethylene and vinyl acetate, is
characterized by lower transmissivity in long wave infrared radiation, and allows
to reduce the thermal infrared losses.

(iii) ETFE (ethylene-tetrafluoroethylene copolymers): these innovative recently devel-
oped films are characterized by very good radiometric properties (high transmis-
sivity in the solar range and low transmissivity in the long wave infrared radiation).
ETFE films costs are higher than LDPE and EVA films but they last longer (also 15
years).

Table 1 shows the values of average transmittance of the covering materials for the
above-described greenhouse. While transmittance of plastic films is nearly 10% higher than
that of glass, the infrared transmittance of the LDPE exceeds 50% with negative consequences
on greenhouse effect, EVA is strongly better reaching about 25% and ETFE is close to 10%.
There are few differences of transmittance of the materials considered in the PAR.

Energy production from renewable sources, the diversification of the productive
activities, and the development of photovoltaic technology and integrated systems have led
to the development of solar greenhouses [5].

Currently, the research is directed to the creation of semi-transparent photovoltaic
films. This need stems from the following fact: in some periods of the year, Mediterranean
areas are characterised by strong surplus of solar radiation if compared with needs. As a
consequence, passive (such as shading nets and thermal shields) or dynamic (natural or
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forced ventilation, spraying or evaporation of water, etc.) protections are required; otherwise
suspending farming becomes mandatory.

This has led to exploit the surplus of solar energy to produce electricity to be used
in different ways, for example, for cooling systems and/or for direct sale to the distribution
companies, and so forth.

A significant problem has to be considered: the traditional photovoltaic silicon-based
panels are not transparent and do not let the solar radiation penetrate inside the greenhouse.
Thus, plants, cultivation becomes problematic and it is difficult to create greenhouse effect
necessary to develop the microclimatic conditions for crops.

In order to solve this problem, researchers are developing panels with partially
transparent materials in flexible sheets or semitransparent rigid panels that allow the passage
of sunlight necessary for the plants, cultivation in protected environments.

A research has been carried out in an area with a strong vocation for greenhouse
crops, that is, the Agro Pontino, in order to obtain useful information on the possibility of
using the structures of the greenhouses—meant for horticultural production—to support
semitransparent photovoltaic covers. This research has tried to identify available solar energy
surplus for its conversion into electrical energy and simultaneously satisfying the needs of the
crop in terms of solar energy.

It was found that within the greenhouse—not only in summer, but also in other
periods of the year—excess solar energy obliges the farmer to control the internal micro-
climate systems to prevent damage to the crops. Such systems often become burdensome
and complex since high solar radiation is related to high values of air temperature. These
excesses could then be used to produce electricity by photovoltaic cells with the advantage
of producing energy and saving up for cooling in the protected area.

The research showed that the foot, outside the greenhouse, with cultivations
(eggplant) can reach peak daily average of about 15MJ m=2d~!. These peaks remain almost
constant in clear sky days during summer.

On cloudy days, of course, these peaks undergo a sharp drop down to about
5MJm™2d™!, only for the summer months and in the absence of crops.

Moreover, during the months of April and October, a modest surplus occurs (about
25MJm2d™) at the transplant eggplant (two cycles per year). Taking into account that the
surveyed area can be considered clear more than 70% of the days during summer, solar
energy is available for a bit more than 4 months per year and can be transformed using
photovoltaic technology.

Once magnitude and temporal distribution of energy surplus are defined; photovoltaic
roofs have to be identified. Rigid and opaque panels (the well-known and common silicon
solar panels) are not recommended. The solution may be found in the use of flexible
photovoltaic and semi-transparent sheets. These being flexible have the ability to be rolled
up and, therefore, could be stretched during periods of surplus of the day quite easily as if
they were shading nets.

These semitransparent sheets must ensure that the inside of the greenhouse reaches a
rate of solar radiation necessary for plants and to create the greenhouse effect. In this way
it will be possible to combine the use of the greenhouse for agricultural production and the
production of electricity by means of photovoltaic cells.

In order to achieve this goal, the radiometric characterization of these new semi-
transparent photovoltaic films is needed.

In spectral analysis some wavelengths result more important than others. Variations
of blue (B, 400-500 [nm]), red (R, 650-670 [nm]), and far-red (FR, 720-740 [nm]) radiation,



Mathematical Problems in Engineering 5

in the protected environment affect the plant photomorphogenesis. Infact, the phytochrome
response is characterized in terms of the R/FR ratio [6-11].

Significant increases of the growth and of the elongation of shoots were pointed out
in peach and cherry trees grown under a photoselective film that reduced the R/FR ratio to
0.93, from the value 1.15, which was recorded in open field at the University of Bari [4].

Tests carried out on ornamental plants showed that the increase of the R/FR ratio has
a dwarfing effect on the plant growth [9].

The purpose of this work is to characterize the semitransparent photovoltaic flexible
film innovative from a radiometric point of view.

2. Preliminary Remarks

2.1. Solar Radiation

The sun emits as a black body at 5700 [°K]. According to the Wien’s law, the maximum of the
emission is at a wavelength A:

Amax = w =506 [nm]. (2.1)

The spectrum of solar radiation is between 290 and 3000 [nm]: ultraviolet (290-380 [nm]),
visible (380-760 [nm]), and near wave infrared (760-3000 [nm]).
The incident radiation on the ground, with clear skies, can be calculated with the
following relations:
Ry, = direct radiation at ground = R.7, cos 87 [W m™2];
R4 = diffuse radiation at ground = R,7, cos 6z [Wm™];

R, = global radiation at ground = R, + Ry [Wm™];
where

R. = outer radiation = 1367 (1 +0.033 cos(360/365n)) [Wm™2];

n = Julian day;

cos 0z = cosine zenith angle = sen ¢ sin 6 + cos ¢ cos 6 cos w;

¢ = local latitude [°];

6 = Inclination of the sun = 23.45 sen[(360/365)(284 + n)] [°];

w =hour angle = (360/24)(12 - h) [°];

h = hour days [h];

A = altitude [km];

T, = transmissivity of the atmosphere to the direct radiation = A, + A; x e™*/c0s0z;
T4 = transmissivity of the atmosphere to the diffuse radiation = 0.271 — 0.2947,;
Ag = [0.4237 - 0.00821(6 — A)*][1 + 0.03 sen(or((91 + n) /182))];

A = [0.5055 + 0.00595(6.5 — A)*][1 + 0.01 sen(ar((91 + 1) /182))];

K =[0.2711 + 0.01858(2.5 — A)*][1.01 — 0.01 sen(r((91 + ) /182))].
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If the surface is inclined, there will be two angles:

Z = inclination of the surface normal with respect to zenith;

¢ = angle between the horizontal projection of the surface normal and the south.

The angle between the direction of the sun and the normal surface is

cos I = sentsend cos Z — cos A send senZ cos ¢ + cos A cos 6 cosw cos Z
(2.2)
+sen) cos & coswsenZ cos ¢ + cos O senw senZ seng.

The components of radiation are

Ryr = direct radiation on inclined surface = R, 1, cos I;
Ry, = diffuse radiation on inclined surface = R,7; cos I.
The solar radiation that enters the greenhouse is obtained from the previous considering the

transmittance of the covering material which varies with the angle of incidence.
In order to calculate this parameter, the following model can be considered.

2.2, Transmittance of the Cover

S is the thickness of the cover, n the refractive index, and k the coefficient of absorption.

n senf
By the relation: o "

2.3
n, send;’ (2.3)

being the refractive index of air close to 1, with n, = n (refractive index of the second), it has

. sen0;
0, = refraction angle = arcsen ,
n

209 _ @,
Surface reflectance (normal component) = r, = —ziizggi " gz; ,
(2.4)
tan?(0, - 0;)

Surface reflectance (parallel component) = r = tan?(6, + 6;)”

I, 1
Total surface reflectance = r = I_r =5 (rL+1)).
i

The transmittance value of the perpendicular component considering the only loss by
reflection is

(1—1]_)2 _ 1—1]_
(=) Ten

7. =(1- rl)zirf" = (2.5)

n=0
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Similarly, the parallel component of transmittance, considering only losses by reflection, will
be

_1—r|| 26
T”_1+r"‘ (2.6)

Global transmittance considering only losses by reflection is

1- 1-7r
i |

T, = ! (2.7)
2 TR T '
Global transmittance considering only losses by absorption is
T, = e K5/ costr, (2.8)

The transmittance, reflectance, and absorbance of a single covering, considering the losses by
reflection and absorption, can be determined:

2 2
Ta(1 -1 1-r7 1-m7 1-r
. o n)2 LY =g, 120 2.9)
1- (1’||Ta) L (T”Ta) L+
Similarly,
1—7]_
=T, —. 2.10
TETe T (2.10)
Whence,
1 21 1-n 1-r,
r=g(mrm)= z(“‘mu”a' )
2.11)

1

TET, 1<1_T|+1—n =T, T,
I AN T

Therefore, the global transmittance considering both the absorption losses both the reflection
losses is equal to

T=T, Ty. (2~12)

The reflectance of the cover will be

2
L a-n) 27|

= (1+7,7)). 213
)’ 7 (1 + 7a7)) (2.13)

PI=n
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Similarly,
Pl:Tl(l-f-TaTL). (214)
Whence,
1
p=5(p1+p1)- (215)
The absorbance is
- < 1_”> 2.16
ap=(1-1,) p—— (2.16)
Similarly,
a —u—7)<1_"h> (2.17)
T Y\1-r1, /)’ '
Whence,
1
a= E(a” +ay). (2.18)

The transmittance of the diffuse radiation is assumed to be equal to the transmittance to direct
radiation with I = 60°.

2.3. Energy Flows in Mediterranean Greenhouse (Tunnel)

The energy balance equation per unit area for Mediterranean greenhouse (tunnel) is
(Figure 1)

Ri + Rac = RTgsky + RTgatm + RTpsky + RTpatm + RTsky + RTcatm + Tc + V + AEg + Sg, (2.19)

where

T =KS(T; - T.), (2.20)

K is the thermal transmittance [Wm™2K™]; S is the wall surface [m?]; T; is the internal
temperature [°C]; T, is the external temperature [°C];

E, = V(H; - H.); (2.21)

E, is the energy lost for ventilation [K]h™']; V is the flow rate of ventilation [KgDryAirh™'];
H; is the internal air enthalpy [KJKgDryAir!]; H, is the external air enthalpy
[KJ] KgDryAir].
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Figure 1: Energy flows in Mediterranean greenhouse

The enthalpy H [K]J KgDryAir~!] of a Kg of air, at temperature ¢ [°C] and with a water
content, in the form of water, equal to x [Kg KgDryAir™'] is obtained from

H = 1.005¢ + x(2499.5 + 2.005¢), (2.22)

where x [KgKgDryAir™!] represents the water vapor contained in the air and can be
determined through the psychrometric diagram or by the following formula

x=06215-F2=0 (2.23)
P — PH,0

where p = 1.013 [Kgcm™] is the atmospheric pressure; py,0 is the vapor pressure of the air,
expressed in Kg cm™ at the temperature T [°K] and at relative humidity UR [%]

pr,0 = 141 x 10"/ (T7419) 5 UR [Pa]

A=20 um C1 1 1 (224)
RTy; = Azgﬂmeu(/\) X T,(A) x —= x oy y e oy s e A\

RTy; is the radiated radiation [W m‘z] A is the wavelength [um]; T is the absolute
temperature [°K]; C; = 3.7410% [W um*m™]; C, = 14385 [K-um]. 7, is the transmittance
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of the atmosphere at the wavelength \; £, is the monochromatic emissivity of the object at
the wavelength A [12-14].

3. Materials and Methods

In order to exploit the above-described mathematical models, it is important to know the
transmittance of the covering material in the wavelengths of the visible and long wave
infrared. Using these parameters it is possible to evaluate the efficiency of the covering
material for the purposes of the greenhouse effect in the structures for protected crops. In
this paper we analyze the spectrum of an innovative photovoltaic film created as part of the
research project “ECOFLECS” by the Research Unit of Tor Vergata (Rome) for its efficiency
in the greenhouse cover.

The film was made in PVB, laminating material that covers the modules at sandwich,
plastic substrates PET/ITO, conducting polymer Pedot-PSS. 6 arrays of 8 modules each
were realized. The thickness of the flexible film is about 0.5 mm. The single module has the
following sizes: 220 mm x 220 mm. These modules can be assembled to obtain large surfaces
necessary for the covering of greenhouses. The remarkable flexibility allows the photovoltaic
film to fit even to curved surfaces of the tunnels and greenhouses tunnel.

IR measurements were performed with a Perkin Elmer Paragon 1000 instrument with
Detector MCT (mercury telluride and cadmium); UV-VIS measurements were performed
with a Lambda 9, Perkin Elmer, with photomultiplier highly sensitive at VIS and NIR.

In both cases, the optical filter was set equal to 2 [nm], while the sweep was
120 [nm/min].

4. Results and Discussion

Three samples of semi-transparent films (innovative solutions and still in the experimental
phase) were analysed in the spectrophotometer. Diagrams with the average values of the
measurements are shown in Figure 2.

Figure 2 shows the trend of the transmittance of the photovoltaic film in relation with
the solar spectrum. It seems clear that the transmittance is very low in the first part of the
visible, is maintained below 10% up to 395 [nm], about 38-40% between 400 and 520 [nm],
increases almost linearly up to 650 [nm] where it reaches 68%, and remains almost constant
up to 760 [nm].

The average transmittance determined as the arithmetic average is 56.9% but in this
way does not take into account the variation of the flow of solar energy as a function of
wavelength (solar spectral irradiance at sea level).

More precisely, the determination of the average transmittance with the weighted
average using the flow of solar radiation at different wavelengths is

_ Zizg,go(T)t : SRA)

4.1)
n 60 , (
1=380 SRy

where SR is the solar radiation at sea level [Wm™2nm™!] and 7, is the photovoltaic film
transmissivity [%]. In this way the average transmittance of the photovoltaic film in the
range 380-760 [nm] is equal to 49.5%, value less than that obtained by measuring with a



Mathematical Problems in Engineering 11

25 100
225 90
2 80
~ 175 70
‘g 15 60
o 125 50 2
§ 1 40
= 075 30
05 20
0.25 10
0

0
2 4 6 8101214161820222426283032343638402
x10

(nm)
—— Visible wavelength
—— Solar spectral irradiance outside atmosphere
—— Solar spectral irradiance at sea level
—— Photovoltaic film transmissivity

Figure 2: Solar spectral irradiance outside atmosphere and at sea level and photovoltaic film transmissivity
in the wavelength range 200-4000 [nm].

Visible wavelength —— Photovoltaic film transmissivity
Infrared wavelength —— EVA film transmissivity

Figure 3: Photovoltaic film transmissivity and EVA film transmissivity in the wavelength range 195-25000
[nm].

pyranometer solar radiation above and below the photovoltaic film in the range of 300-
1100 [nm] but comparable to it because in the near infrared the energy is lower in respect
to visible.

For the photovoltaic effect the useful wavelength is between 400 and 1100 [nm], and
then the low transmittance before 650 [nm] is advantageous for the production of electricity.

Figure 3 shows the transmissivity of the photovoltaic films and that of the EVA films
which are very common in the greenhouse covering. Furthermore, the wavelengths of visible
(380-760 [nm]) and long wave infrared (7500-12500 [nm]) were also highlighted since they
are important for the purposes of the greenhouse effect.

The indoor greenhouse air temperature rises with the decrease of the long wave
infrared transmissivity coefficient of the greenhouse covering material.

High transmissivity in the visible and low transmissivity in long wave infrared are
essential to a good greenhouse effect.

The transmissivity in the visible of photovoltaic films, as reported above, is very low
up to 650 [nm]. As a matter of fact, the average value in the visible is less than 50% while that
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Figure 4: Total transmissivity of the photovoltaic film with red (R, 650-670 [nm]) and far-red (FR, 720-
740 [nm]) wavelengths in the range 200-800 [nm].

of the EVA film is of about 90%, much higher value. If the photovoltaic film loses a lot in the
visible, it gains a lot in the far infrared: its transmittance is practically null in this range of
wavelengths that, as it is known, is the interval where it is greater than the energy emitted by
radiation from the bodies (Planck’s law). Thus, from our point of view, it seems reasonable to
assume an overall efficiency of the photovoltaic film in the greenhouse effect similar to that
of traditional EVA films.

Figure 4 shows the transmissivity of the photovoltaic film in the range 200-800
[nm], pointing out the values of the red (R, 650-670 [nm]) and far-red (FR, 720-740
[nm]) wavelengths. The ratio between these values is important for the purposes of plants,
accretion. The calculated ratio is 0.97 for this PV films: this value should encourage increases
of the growth and the elongation of shoots.

In relation to the reflectivity and the absorbance this film gives priority to absorbance
because absorbed energy is used for the production of electricity with an efficiency that in the
current state does not exceed 10%.

5. Conclusions

In this paper, the spectrum of an innovative photovoltaic film has been analysed in order to
evaluate its efficiency in the greenhouse cover.

Spectral analysis showed that the transmittance of the photovoltaic film is very low
in the first part of the visible in relation with the transmittance of the traditional EVA film
commonly used for covering greenhouses. This is advantageous for electricity generation,
but at the same time is in contrast with the production of plant material since this portion of
the spectrum is useful for photosynthesis (PAR).

The transmittance of the photovoltaic film in the range of the infrared long is null, and
therefore much lower than that related to the EVA films with considerable advantages for the
purposes of achieving the greenhouse effect.

According to this analysis, in the greenhouse effect it is possible to assume an overall
efficiency of the photovoltaic film similar to that of the traditional EVA films.
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Nomenclature

Alphabetic Symbols

R: Global solar radiation [MJm=2d™"]

RT: Energy lost by radiation [MJm=2d™']

C: Energy exchanged by convection [MJm2d™"]

T: Energy lost by transmission [MJm2d ]

V: Energy lost by ventilation [MJm2d™]

TR: Plant transpiration [MJm=2d™]

S:  Energy transferred by conduction in the deep
layers [MJm=2d™"]

E: Thermal storage [MJm=2d™].

Subscripts

e:  External

re: Reflected external

ac:  Absorbed by the cover

i Internal

ri:  Reflected internal

ap: Absorbed by the plants
rg: Reflected from the ground
ag: Absorbed by the soil

c:  Covering film
p:  Plants

g Ground

ia: Indoor air

oa: Outdoor air
atm: Atmosphere
sky: Vault of heaven.
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